This study focuses on quantifying the error characteristics of four widely utilized satellite precipitation products (i.e. TMPA 3B42RTV7, TMPA 3B42V7, CMORPH and PERSIANN-CDR) for a five-year period (2005)(2006)(2007)(2008)(2009)) using an independent raingauge network over the upper-middle Huai River basin in central-eastern China. Assessment results show that CMORPH generally exhibits the best performance with slight underestimation, while 3B42RTV7 has the worst performance with large positive biases. Additionally, 3B42V7 and PERSIANN-CDR tend to have an approximate accuracy. The monthly gauge adjustment applied to 3B42V7 and PERSIANN-CDR significantly reduces their systematic bias and in particular it makes these two research products maintain a stable skill level during winter. As for the heavy rainfall events (>50 mm/d) in summer, 3B42V7 and CMORPH exhibit a relatively better degree of agreement to the gauge observations. Overall, our study suggests that the satellite-based precipitation estimates all have their own pros and cons at different spatiotemporal scales. We expect the results reported here will provide a better understanding of current mainstream satellite precipitation products over similar mediumsized humid basins.
Introduction
Satellite-based Quantitative Precipitation Estimates (QPE) are often-used input data to hydrologic models and they play an important role in real-time hydrologic forecasting and reliable water resources management, especially for ungauged regions (Yong et al. 2012) . The merged multi-satellite QPE products have been attracting more and more attention due to their global coverage and uninterrupted temporal continuity, which can be an appropriate complement to ground-based rain gauges and radar measurements (Tian et al. 2010) . Presently, a number of quasi-global satellite QPE products have been available, mainly including the Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA) products (Huffman et al. 2011) , the National Oceanic and Atmospheric Administration Climate Prediction Center (CPC) MORPHing algorithm (CMORPH) (Joyce et al. 2004) , the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN) (Sorooshian et al. 2000) , the Naval Research Laboratory Global Blended-Statistical Precipitation Analysis (NRL-Blend) (Turk and Miller 2005) and the Global Satellite Mapping of Precipitation (GSMap) (Kubota et al. 2007 ). These satellite-based QPE products can provide detailed rainfall information for occurrences, amounts and distributions, but their error and uncertainty over different climatic regions still need to be evaluated and validated before these products could be operationally used in hydrological simulation and prediction owing to the indirect estimating nature of satellite retrievals. Some previous studies have been conducted to evaluate various QPE products and related hydrological applications at different spatial and temporal resolutions (Steiner et al. 2003 , Hossain et al. 2004 , Hong et al. 2006 , Hossain et al. 2006 , Anagnostou 2007 , Hossain and Huffman 2008 , Pan et al. 2010 , Serpetzoglou et al. 2010 , Yong et al. 2010 , Gourley et al. 2011 , Jiang et al. 2012 . These evaluation studies, which show potential limitations for different satellite estimates at regional and global scales, benefit both hydrologists and climatologists who attempted to utilize the precipitation datasets in hydrology or hydrometeorology. Some comparison studies indicated that the performance of different satellite-based QPE products can change as retrieval algorithms and data sources change (Ebert et al. 2007 , Jiang et al. 2012 , Yong et al. 2015 . Even for the same product, performance can also vary remarkably for different regions, seasons and precipitation regimes (Ebert et al. 2007 , Dinku et al. 2009 ). In addition, there is also a trade-off between the quality of the estimate and the spatiotemporal scale of the product (Sorooshian et al. 2011) . Thus, it is necessary to understand the accuracy of satellite-based QPE products via a comprehensive evaluation. The properties of the errors play an essential role in determining which precipitation product can be used appropriately in hydrological applications. Additionally, knowledge of the error properties is helpful in the future development of retrieval algorithms. Motivated by this twofold aim, there have been many efforts to evaluate and compare available satellite-based QPE products at global, regional or basin scales (Ebert et al. 2007 , Tian et al. 2007 , Turk et al. 2008 , Clarke et al. 2010 , Gourley et al. 2010 , Ward et al. 2011 , Li et al. 2013 , Zulkafli et al. 2013 .
Recently, several validation studies of satellite-based QPE products have been conducted at national or regional scales in China. Gauge-based precipitation analysis was applied to examine the performance of six high-resolution satellite precipitation estimates over the Chinese mainland for a 3-year period from 2005 to 2007 (Shen et al. 2010) . Other satellite error studies mainly focused on basin-scale evaluation and demonstrated the promises and problems in applying these precipitation datasets to watershed hydrological simulations (Jiang et al. 2011 , Yong et al. 2012 , Li et al. 2013 . Since all these datasets are undergoing updates, long-term systematic evaluation of these datasets is necessary at different areas around the globe. However, it is still a challenging task in China due to the limited ground surface observations, especially for medium to large river basins with complicated precipitation regimes.
The primary objective of this study is to evaluate and compare the latest versions of the four most widely used quasi-global high-resolution satellite precipitation products (i.e. TMPA 3B42RTV7, TMPA 3B42V7, CMORPH and the PERSIANN-CDR) with the same spatial resolution of 0.25°during the period 1 January 2005-31 December 2009 over the humid upper-middle Huai River basin. In this study, we attempt to quantify and document the error characteristics associated with these different satellite-based QPE products. We extend previous related evaluation works (Shen et al. 2010) in three aspects. First, we chose a relatively dense ground independent raingauge observation network as a benchmark to evaluate the four satellite-based precipitation products. It should be noted that the surface hydrologic gauge observations are independent from what meteorological data developers used for QPE precipitation systems and are difficult to obtain. Second, we compare four satellite precipitation products at different temporal scales using multiple statistical metrics. To the best of our knowledge, there is no study to evaluate the four satellite-based QPE products over the humid Huai River basin in southeastern China. Third, we used the newly released estimates. In this study, we adopt the latest Version 7 of realtime and post-real-time TMPA products (3B42RTV7 and 3B42V7) and the PERSIANN-CDR (the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks-Climate Data Record).
The remaining parts of this paper are organized as follows: Section 2 describes the study area, the satellitebased QPE products and gauge precipitation used in this study and the evaluation method. Section 3 provides the quantitative error analysis of four satellite precipitation products. A summary of evaluation results and conclusions finalizes the paper in Section 4.
2 Study region, data and methodology
Study region
The Huai River basin, with a drainage area of 270 000 km 2 , is located between the downstream reaches of the Yellow River and the Yangtze River (30. 92°-36.6°N , and 111.92°-121.42°E) in central eastern China. The Huai River originates at Tongbo Mountain in the western part of the Dabie mountain chain and the total length of its main reach is over 1000 km with an average elevation drop of 200 m, of which 178 m of the drop is up to the Wangjiaba hydrological station, 22 m up to Hongze Lake. The relatively low elevation drop in the middle and lower reaches (22 m) leads to a flattened flow velocity and an increased risk of over-bank flow and inundation (Ye et al. 2014) . The mean annual precipitation and runoff depth of the entire Huai River basin is approximately 888 and 230 mm, respectively. The precipitation dynamics including the spatial and temporal distribution are very irregular and change from year to year. This is attributed to the basin location in the transitional area between the southern monsoon and the northern continental climate (Huai River Commission, Ministry of Water Resources 1999). The East Asian summer monsoon rainfall (the Chinese name is Mei-Yu) usually occurs during June and early July over this basin. The onset, duration and total rainfall amount of the Mei-Yu season usually determine the severity of the basin's annual floods. The Mei-Yu front generates widespread, persistent and heavy rainfall over the basin. Occasional remnants of typhoons may affect the basin from late July to September and can cause the most intense precipitation (Svensson and Rakhecha 1998) although the distance of the far western point of the basin to the sea is over 900 km. The basin has on average 2.3 days of storm events between June and August, the largest 5.1 days of storms occurred in 1954 (Cheng 2004) . During the summer, stratiform-cloud rain and convective rain commonly dominate the precipitation regimes of the Huai River basin. The latter usually lead to intensive and local storm and flooding events (Ye et al. 2014) .
The medium-sized Wangjiaba basin, with a drainage area of 30 600 km 2 , is located at the upper region of the Huai River basin between 31.48°and 33.55°N, 113.27°a nd 115.62°E (see the red boundary in Fig. 1 ). The Wangjiaba basin elevation ranges from 26 m above sea level at the channel outlet of the Wangjiaba hydrological station to over 971 m in the upstream area with the topography significantly descending from west to east. The study area in this work contains the whole Wangjiaba basin and part of the Middle Huai River basin adjacent to it (refer to Fig. 1 ).
Ground raingauge data
Observed ground precipitation data for 1 January 2005-31 December 2009 were recorded by the 32 raingauges unevenly distributed in the study area, among which 16 gauges are located within the Wangjiaba basin. These conventional gauges are maintained by the Chinese Ministry of Water Resources (CMWR).
In practice, the local staff measure the precipitation volume using two approaches (i.e. tipping-bucket raingauge and manual traditional ombrometer). Then, these two types of recorded data are crosschecked and the final errors have to be controlled within 4% for daily rainfall observation according to the ministerial standard (Yong et al. 2012) . Ultimately, these gaugebased precipitation data will be collected and edited in the Chinese Hydrology Almanac. As is well known, the gauge product GPCC (the Global Precipitation Climatology Center (GPCC), 1°× 1°monthly gauge product) and CAMS (the Climate Assessment and Monitoring System (CAMS), 0.5°× 0.5°monthly gauge product) used in current global satellite precipitation systems (e.g. TMPA) over China are provided by the China Meteorological Administration (CMA), so the CMWR gauged observations are independent from those of CMA. In this study, the ground precipitation data recorded by the 32 CMWR raingauges were used as the benchmark to evaluate the four satellite precipitation estimates.
Satellite data
This study aims to evaluate the spatiotemporal error characteristics of four quasi-global satellite precipitation algorithms (3B42RTV7, 3B42V7, CMORPH and PERSIANN-CDR) over a medium-sized humid basin. These four precipitation products are generated by combining information from both passive microwave (PMW, with better retrievals) and infrared (IR, with excellent sampling) observations. The TMPA system has been upgraded from Version-6 to Version-7 and will evolve as the initial Version-0 algorithm of the upcoming GPM mission. The 3-level TMPA products mainly include two types of precipitation estimates, i.e. the real-time, gridded precipitation product (3B42RT) and a gauge-adjusted, post-real-time research version product (3B42). Compared to original Version-6, the newest Version-7 TMPA products have more substantial upgrades: PMW observations from the Special Sensor Microwave Imager Sounder (SSMIS) carried aboard the Defense Meteorological Satellite Program (DMSP) F-16 satellites were ingested into 3B42RT, which is anticipated to further improve the data accuracy of microwave precipitation estimates. 3B42V7 further takes into account ground gauge information to remove the bias of satellite retrievals, the new Global Precipitation Climatology Centre (GPCC V2.2) "full" gauge analysis is employed as the gauge analysis of Climatological Calibration Algorithm (CCA) in the 3B42RT and the month-to-month gauge adjustments in the research product 3B42V7 (Huffman and Bolvin 2014, Yong et al. 2014) . The newest Version-7 TMPA products were formally released on 28 January 2013, the post-real-time 3B42 estimates (hereafter 3B42V7) and the real-time product 3B42RT (hereafter 3B42RTV7) offer 3-h and 0.25°quasi-global (the coverage of latitude belt 50°N -50°S) rainfall estimates for the period from 2000 to now.
CMORPH is a technique that was developed to synergize the most desirable aspects of PMW and IR data. In particular, CMORPH uses the motion vectors derived from the half-hourly geostationary satellite IR imagery to extrapolate the passive microwave precipitation estimates. Therefore, it improves the estimation of multi-hour precipitation accumulation better than the simple averaging of available microwave-based estimates and other merging results that incorporate microwave and infrared information in the estimation (Joyce et al. 2004) . Currently, the CMORPH system provides two types of high-resolution versions (3 h/ 0.25°× 0.25°, and 30 min/0.1°× 0.1°) for the latitude band 60°S -60 N from December 2002 to the present. The Version 1.0 CMORPH product with resolution of 3 h/0.25°× 0.25°was employed in this study.
On 25 August 2014, the PERSIANN developers released a new retrospective satellite-based precipitation dataset PERSIANN-CDR which uses the archive of Gridded Satellite (GridSat-B1) Infrared (IR) channel observations of the brightness temperature of the cloud and the monthly precipitation product from the Global Precipitation Climatology Project (GPCP) to produce a precipitation climate data record for longterm hydrological and climate studies (Ashouri et al. 2015) . This product offers daily and 0.25°rainfall estimates for the latitude band 60°S -60°N for the period of January 1983 to March 2014. PERSIANN-CDR is aimed at addressing the need for a consistent, longterm, high-resolution and global precipitation dataset for studying the changes and trends in daily precipitation, which have been anticipated by the satellite QPEhydrology community. It is adjusted by using the Global Precipitation Climatology Project (GPCP) monthly product to maintain consistency of the two datasets at 2.5°monthly scale throughout the entire record.
As for the four satellite precipitation datasets investigated in this paper, 3B42RTV7 and CMORPH are purely satellite-derived products, while 3B42V7 and PERSIANN-CDR adopt ground gauge information to remove the systematic bias of satellite retrievals. During the data processing, we found that all the satellite retrieval systems have missing data issues, but such cases are sparse. Hence, we adopted a homogenizing approach to fill the missing data by computing the median values between the front and lateral data queues.
Evaluation method
The daily rainfall records of hydrological gauge observations were used as the benchmark to quantify the four satellite precipitation products. However, satellitebased precipitation is continuous and represents the rain rate within a defined area (grid-scale) grid, while gauged rainfall is a point-scale. In this study, the spatial resolution of the quasi-global satellite products with 0.25°× 0.25°grid size is not perfectly matched with the gauge data (point measurement). To avoid additional errors by interpolating the gauge data onto a 0.25°× 0.25°gridded data, we directly carry out the grid-gauge comparison. Hence, for comparison between the two data sources, only those grids that cover at least one raingauge were selected across the study area. As for a grid with two or more raingauges, the true areal average rainfall is the average value of those gauges located within it. Such a grid-based comparison technique was applied in many previous studies (Adler et al. 2003 , Nicholson et al. 2003 , Chiu et al. 2006 , Chokngamwong and Chiu 2008 , Yong et al. 2010 . Based on the 26 selected grids (see Fig. 1 ), the evaluation is performed during a five completed years period (1 January 2005-31 December 2009) so that the impact of seasonal changes on satellite estimates could be displayed. Accurate daily precipitation information is of great importance for hydrology and climatology because of its capacity to capture watershed dynamic responses, especially for middle-and large-scale flooding processes. Thus, we aggregate the original threehourly precipitation estimates onto daily datasets for 3B42RTV7, 3B42V7 and CMORPH. To perform the annual and seasonal comparisons, the daily values of four satellite precipitation and ground observations are accumulated.
To quantitatively compare the four satellite precipitation products against ground observations, five normally used statistical indices, which include mean bias (Bias), mean absolute error (MAE), relative bias (RB), spatial and temporal correlation (CC) and the root mean square error (RMSE), were employed in our study (refer to Table 1 for details on the calculations). The Bias simply scales the average difference between satellite precipitation and raingauge observations. MAE represents the average magnitude of the error. The RB describes the systematic bias of satellite precipitation estimates. Similar to Bias, positive and negative values of RB indicate respectively overestimation and underestimation of rainfall amount. The CC was used to assess the degree of linear correlation between satellite precipitation and raingauge observations. The RMSE also measures the average error magnitude, but it gives greater weight to the larger errors relative to MAE. In this study, all the above statistical indices were computed on a grid-by-grid basis.
For further characterizing of the rainfall detection limitations of satellite products, three contingency table statistics, i.e. probability of detection (POD), false alarm rate (FAR) and critical success index (CSI), were used to assess the detecting skill of four satellite precipitation products against observations (Wilks 2006 , Ebert et al. 2007 . POD, also known as the hit rate, represents how often the rain occurrences are correctly detected by the satellite. FAR denotes the fraction of cases in which the satellite records precipitation when the raingauges do not. CSI shows the overall fraction of precipitation events correctly diagnosed by the satellite. Rain or no-rain events were defined by the value of the threshold and a precipitation threshold of 1.0 mm/d, 5.0 mm/d, 10.0 mm/d, 25.0 mm/d and 50.0 mm/d were used in this study. POD, FAR and CSI range from 0 to 1: the perfect values of POD, FAR and CSI were 1, 0 and 1, respectively (see Table 1 ).
On the other hand, probability distribution functions (PDFs) can better reveal the rainfall error at different rain rates, as well as the potential error impact on hydrological applications (Tian et al. 2010 , Chen et al. 2013a . Therefore, the occurrence PDF (PDFc) and precipitation volume PDF (PDFv) are computed and compared for each satellite product and gauge observation. The PDFc is calculated as a ratio between the number of times precipitation occurs between two continuous thresholds and the total number of times precipitation occurs overall. The PDFv is the accumulated value of the precipitation rates between two continuous thresholds.
In terms of precipitation mechanisms, the middle and heavy rainfall over the upstream of the Huai River basin has larger variability in space and time due to the strong impacts of the East Asian monsoon. From the historical long-term records, one can see that the precipitation amounts within this basin have a significant inter-annual variability, especially for the heavy storms during the summer. Hence, our following discussions primarily focus on the inter-annual and seasonal variability, and the daily high-intensity precipitation events.
Results analysis

Daily comparison
We start evaluation of daily satellite precipitation estimates versus raingauge observations across the study period at each selected grid. The scatterplots of Fig. 2 
Notes (a) n, number of samples; S i , satellite precipitation (e.g., 3B42RTV7, 3B42V7, PERSIAN-CCS and CMORPH); G i , raingauge observation.
A, observed rain correctly detected; C, observed rain not detected; B, rain detected but not observed; N A , N C and N B are the times of occurrence of the corresponding case (POD, FAR and CSI).
show that CMORPH has the best performance in terms of RB, RMSE, CC and MAE, which has the highest CC (0.69) and lowest RB (−8.71%, representing rainfall underestimation by 8.71%), MAE (2.21 mm) and RMSE (7.24 mm). Relative to two TMPA estimates, PERSIANN-CDR has lower RB (13.24%) and RMSE values (8.68 mm). With respective to CC and MAE, the performance of PERSIANN-CDR is the worst among all of the four products. As documented in many prior studies, the real-time 3B42RTV7 estimates are less accurate than the research product 3B42V7 due to the lack of month-to-month gauge adjustments and highquality TCI (TRMM Combined Instrument) calibration in the data processing algorithm. In general, at a daily scale, the CMORPH has the best performance among the four precipitation products while the latest PERSIANN-CDR is not always superior to the Version-7 TMPA estimates. Scatterplots of 5-year average daily rainfall data for the 26 selected grids are shown in Fig. 3 . 3B42RTV7, 3B42V7 and CMORPH all have higher CC values of 0.81, 0.83 and 0.82 respectively, while PERSIANN-CDR has the relatively lower CC (0.65). Similar to the grid-based comparison in Fig. 2 , 3B42RTV7, 3B42V7 and PERSIANN-CDR overestimated gauge observations by about 19.57%, 15.24% and 13.24% respectively, while CMORPH underestimated raingauge observations by approximately 8.71%. CMORPH has the smallest RMSE (4.14 mm) and MAE (1.57 mm) values, followed by 3B42V7 (4.50 mm, 1.70 mm), 3B42RTV7 (4.85 mm, 1.87 mm), and PERSIANN-CDR (5.71 mm, 2.60 mm). Overall, the 5-year average comparison further confirmed the gridbased evaluation results as shown in Fig. 2 .
To investigate the spatial correlation between four satellite precipitation products and gauge observations, we calculate the temporal CC values of daily precipitation at each gauge in the upper-middle Huai River basin for both summer (Fig. 4) and winter (Fig. 5) . Except for PERSIANN-CDR, the summer correlation of the other three satellite estimates is greater than 0.5 for most gauges in the study area, but correlations are significantly lower in winter than in summer. In terms of PERSIANN-CDR, the CC values for all gauges are larger than 0.25 in winter. Among all the four products, CMORPH shows the largest CC values during both summer (all are larger than 0.57) and winter (most are larger than 0.4), and remarkably gets even better results than the gauge-adjusted 3B42V7 product.
On the other hand, Fig. 6 shows the temporal variation of daily Bias, CC, RMSE and POD from gridgauge pairs of satellite-based QPE products and gauge observations over the upper-middle Huai River basin. To filter out high-frequency noise, we use a 30-day moving window to generate a smoothed time series. All the time series show a sort of periodic fluctuation related to the seasonal variation mentioned above. The bias (Fig. 6(a) ) results indicate that CMORPH almost underestimates the regional mean value especially during September-March, while 3B42RTV7, 3B42V7 and PERSIANN-CDR almost overestimate it. In the analyses of CC (Fig. 6(b) ) and RMSE (Fig. 6  (c) ) at daily temporal scale, CMORPH still performs a little better than 3B42V7 especially in the warm season. This result, combined with the POD (Fig. 6(d) ) analysis, suggests that CMORPH performs better in the context of detecting daily precipitation dynamics, at least during the summer. The results here also indicate that the CMORPH algorithm without ground-based gauge adjustments still has the ability to detect rainfall events and to capture large-scale rainfall spatial distribution for our study basin.
Seasonal comparison
Figures 7 and 8 show the spatial distribution of seasonal relative bias for the four daily satellite precipitation estimates, respectively. For warm seasons (see Fig. 7 ), 3B42RTV7 has the largest overestimation in summer (by 1% to 50%), which is the worst one among the four products, and 3B42V7 performs slight better than 3B42RTV7. CMORPH captures the summer precipitation pattern for all gauges with smaller RB (by −13% to 16%), and PERSIANN-CDR for most gauges with relative bias between −9.5% and 17.6%. In autumn, PERSIANN-CDR performs worst, with a large overestimation (RB of 4.6% to 94.4%), while CMORPH shows large underestimation for 31.2% of gauges over the region (RB between −48.4% and −40.9%). Both 3B42RTV7 and 3B42V7 capture the autumn precipitation pattern for most gauges with relatively small bias ranges (−12.1% to 38.6% of RB for the former and −11.8% to 36.0% for the latter, respectively).
As for cold seasons (refer to Fig. 8 ), all the four satellite algorithms exhibited a worse performance in winter than in the other three seasons. Relatively, 3B42V7 has the smallest bias (by −10.1% to 38.9%) for most gauges, while CMORPH seriously underestimates over the whole region (by −85.3% to −37.5%). The spatial pattern of 3B42RTV7 also becomes more complicated (by −43.5% to 139%). The overestimation (by −16.0% to 460.4%) of PERSIANN-CDR in winter mainly is probably associated with imperfect screening of the cold surface from the IR images. Furthermore, it is found that the relative bias distributions in spring are better than those in winter for all the satellite products. Such error characteristics in space suggest that using current operational satellite precipitation estimates to monitor and predict local drought events in cold seasons will still be difficult and challenging over similar medium-sized humid areas.
Additionally, we further analysed the contribution of each season to the total annual bias for the four precipitation estimates. For 3B42RTV7, there is a significant overestimation of precipitation at the uppermiddle Huai River basin during winter (Fig. 8(a) ), while 3B42V7 has negative and positive bias during all seasons. We also note that all four datasets have the worst performance during the winter when compared to other seasons (Fig 8(a), (b) , (c), and (d)). Moreover, they showed an obvious increasing trend of relative bias in the southeast-northwest direction except for CMORPH. CMORPH suffers from season-dependent biases at some gauges within the study area with evident underestimation during the autumn and winter (Figs 7(g) and 8(c)) and partial overestimation in the spring and summer (Figs 8(g) and 7(c)). As we inferred, this seasonal variation for CMORPH performance might be related to the PMW measurement method in the CMORPH algorithm which yields better retrievals with strong convective precipitation in summer (Tian et al. 
2007
). The pattern of PERSIANN-CDR is overestimation for most gauges over the region and it performs relatively better in summer and spring.
Similarly, Figs 9 and 10 show the comparison results of the four satellite rainfall products with gauge observations during summer and winter. Generally, CMORPH and 3B42RTV7 perform better in summer with smaller relative bias (RB) and higher correlation coefficient (CC) than in winter. CMORPH exhibits the best correlation and smallest RB with gauge observations in summer though it is an unadjusted dataset. This result suggests that the accuracy of the CMORPH estimates could be improved substantially if gauge information was provided to remove the bias which is just the reason the National Meteorological Information Center of China used CMORPH to generate high spatiotemporal merged products between gauge observations and the CMORPH product (Shen et al. 2014) . With ground gauge adjustment included, all statistics related to 3B42V7 show significant superiority over 3B42RTV7, especially in winter. PERSIANN-CDR also shows preferable skill over the other products in both summer and winter. At the same time, these scatterplots also provide insights into the relationship between the seasonal precipitation bias and rain rate. For CMORPH, it is evident that the bias is strongly dependent on rain rate during winter (Fig. 10(c) ). As the rain rate increases, the biases also increase, other research has claimed that the CMORPH bias shows strong dependence on the surface rainfall rate (Habib et al. 2012 , Li et al. 2013 . However, the results of the 3B42RTV7 analyses show a much more scattered pattern without this dependence on rain rate, especially in winter. In general, we can infer that CMORPH has the greatest potential for use during the summer. It is useful when coping with water resources management problems such as irrigation and water supply. Additionally, it should be noted that the gauge adjustment seems to be effective and necessary for all purely satellite-derived precipitation estimates, especially in winter.
Annual comparison
The spatial distribution of mean biases for accumulated annual precipitation (mm/d) between the different satellite products estimates and gauge records are exhibited in Fig. 11 . It is clear that the best "uncalibrated" product is CMORPH, which underestimates precipitation for about 90.6% of gauges and gives the best agreement with the raingauge data (by −0.58 to 0.16 mm/d, only 6 gauges have mean bias bigger than −0.4 mm/d). In this region, the mean biases for approximately 80% of gauges range from −0.4 to 0.2 mm/d (see Fig. 11(c) ). Compared to 3B42RTV7, the relative lower bias of 3B42V7 is mainly attributed to the month-to-month bias adjustments controlled by seven ground CAMS gauges (see Fig 11(a) and (b) ).
Comparatively, of the "uncalibrated" products, 3B42RTV7 has evidently larger local biases over the whole region. Generally, the spatial distribution of mean bias demonstrated that CMORPH has a lower degree of disagreement to the gauge, followed successively by PERSIANN-CDR, 3B42V7 and 3B42RTV7.
To investigate the inter-annual variability of annual precipitation, we also analyse the performance of each product for each individual year (Table 2) It is briefly summarized here that the data accuracy of CMORPH is highest among the four satellite precipitation estimates over this medium-sized humid basin, while another purely satellite-derived product 3B42RTV7 has the worst performance for the interannual assessment.
Up to this point, we have directly evaluated the four precipitation estimates at daily, seasonal and annual scales, respectively. To clearly show the primary difference of the error feature between different precipitation products, we briefly summarized their systematic biases for different temopral scales in Table 3 . As noted from the table, CMORPH has the best performance among the four asssessed products at daily, annual scales and in the summer. Furthermore, its underestimation mainly came from autumn and winter. The two research products (3B42V7 and PERSIANN-CDR) tend to have an approximate accuracy, but relatively PERSIANN-CDR looks better in a rainy summer. In general, the real-time 3B42RTV7 dataset seems to be the worst one in all products, although it has the smallest relative biases in autumn. Therefore, it can be concluded that currently no single precipitation algorithm can be considered ideal for detecting and quantifying the rainfall characteristics for all the seasons.
Probability distributions by precipitation occurrence and volume
The intensity distribution of daily precipitation offers unique insights into the error dependence on rain rate, which can reflect the potential impact of the errors on hydrological applications at different rain rates. Thus, we compared the daily PDFc (occurrence) and PDFv (volume) of the four satellite products for the whole 5-year period and the summer, as shown in Figs 12 and 13. Figure 12(a) indicates that PERSIANN-CDR has significantly higher occurrence when the rain rate falls below 10 mm/d. CMORPH shows much higher occurrence than gauge observations when light rain rates (<5 mm/d) happen. 3B42V7 tends to detect more cases than ground observation, and 3B42RTV7 has a similar tendency to 3B42V7 at all thresholds except for low rain rates of less than 1 mm/d. For summer (Fig. 12(b) ), all products have higher occurrences than observations. 3B42RTV7 evidently underestimates the occurrence at low rain rates (<1 mm/d), while 3B42RTV7, 3B42V7 and CMORPH have a similar higher distribution pattern at higher rain rates. PERSIANN-CDR has the highest occurrence at middle rain rates (between 1 mm/d and 50 mm/d) than the other products.
PDFv presents the rain intensity distribution of the daily precipitation amount which is of great importance to hydrological simulation and prediction since most hydrological processes (such as surface runoff) are highly sensitive to rainfall intensity distributions as well as to the total amount of rainfall (Tian et al. 2010) . Corresponding to Fig. 12, Fig. 13 displays that PERSIANN-CDR and CMORPH have more precipitation (except rain rates >50 mm/d) than gauge observation during the 5-year study period. The PDFv curves of TMPA products show better agreement with those gauges. Moreover, we note that all products seem to gain much less precipitation at high rainfall rates (>50 mm/d). In summer, PERSIANN-CDR significantly overestimates precipitation volume at low rain rates (less than 5 mm/d), while it considerably underestimates precipitation volume when rainfall intensity is larger than 25 mm/d. As for the other three products, CMORPH, 3B42RTV7 and 3B42V7 have similar distributions at middle and lower rain rates. For the heavy precipitation events (>50 mm/d), 3B42V7 and CMORPH exhibit a relatively better degree of agreement to the gauges with slight overestimation and underestimation respectively, while larger systematic biases occurred in the PERSIANN-CDR and 3B42RTV7 estimates.
Contingency statistics
Finally, we specifically examine the contingency tablebased detection of rainy events by three statistics including POD, FAR, and CSI. The evaluation was carried out at five different thresholds (i.e. 1, 5, 10, 25, 50 mm/d). Figure 14 shows the comparison results of the POD, FAR and CSI for different precipitation products against gauge observations. From Fig. 14 , one can see that CMORPH generally has better POD and CSI skills than the TMPA products at all rainfall thresholds both in the whole 5-year period and in summer, except for the light rain rate below 1 mm/d (refer to Fig 14(a) , (d), (c) and (f)). Among the four precipitation products, PERSIANN-CDR almost shows the worst scores for all the statistics with lower POD and CSI values and higher FAR. When comparing the contingency metrics for the 5-year period and those in summer, CMORPH and TMPA products have a similar precipitation pattern in a rainy summer suggesting that the difference of detecting rainfall between these two types of algorithm might primarily occur in the cold seasons.
Summary and conclusions
In this study, we review and evaluate the performance of four satellite-based QPE products (i.e. 3B42RTV7, 3B42V7, CMORPH and PERSIANN-CDR) over the humid upper-middle Huai River basin in central-eastern China using independent gauge observations for comparison. We investigated the quality of different precipitation products across multiple time scales over the study region. Our evaluation mainly focused on both the spatial pattern and temporal variation of error characteristics for these four mainstream satellite precipitation products. Analysis results are summarized as follows:
(1) For the entire study area at different temporal scales, TMPA products and PERSIANN-CDR overestimate precipitation while an opposite underestimation occurred in CMORPH. Moreover, CMORPH generally exhibits the best rainfall estimates with lowest error and bias and highest correlation to the gauges while 3B42RTV7 has relatively worst performance with largest error and bias. (2) There are apparent precipitation season-dependent characteristics for the errors of satellite estimation. All the products demonstrate better performance in the warm season. There is a year-long systematic overestimation for the TMPA and PERSIANN-CDR algorithms while CMORPH suffers from slight overestimation during summer and underestimation in the other three seasons. (3) Considering CC, RMSE, POD and other occurrence statistics, CMORPH consistently shows good skill among the four products during the summer. The bias of CMORPH shows strong linear dependence on the surface rain rate during winter and exhibits greater bias in high rainfall intensity. (4) The month-to-month gauge adjustment in 3B42V7 and PERSIANN-CDR significantly reduces the systematic bias. In particular, this gauge-based correction can make the product maintain a stable skill level during winter. However, it is noted that in our study basin the gauge-corrected 3B42V7 and PERSIANN-CDR products are not always superior to those unadjusted purely satellite-derived estimates, such as CMORPH. It seems that the technique of motion vectors and the Lagrangian approach employed in the CMORPH algorithm can work effectively over similar hydro-climatic and geomorphologic regimes like our study basin. (5) Investigation of probability distribution functions (PDFs) shows that 3B42V7 and CMORPH exhibit a relatively better degree of agreement to the gauges with the heavy rainfall events (>50 mm/d) in summer, while larger systematic biases occurred in PERSIANN-CDR and 3B42RTV7. (6) CMORPH has better POD and CSI skills in the range of 1-50 mm/d, while the FAR value of CMORPH is a little higher than that of TMPA products.
Overall, this study suggests that no single satellite precipitation product absolutely outperforms others consistently at all scales. The current satellite-based precipitation estimates have their own pros and cons at different extents in providing accurate QPE for various hydrologic applications over the upper-middle of the Huai River basin. CMORPH might be the most appropriate algorithm for long-term regional water balance studies in the medium-sized humid basin. For basin-wide large-scale hydrologic simulation, CMORPH and PERSIANN-CDR seem to be able to provide better detection and spatial variability. Finally, for small-scale floods or flash floods induced by localized high-intensity rainfall events, the satellite-based QPE products notably underestimate in heavy rainfall events. Similar findings have been reported by other studies in different regions (Habib et al. 2009 , Dinku et al. 2010 , Chen et al. 2013b . Nevertheless, the error characteristics of the four widely used satellite-based QPE products that are identified and quantified in this study are anticipated to provide useful information for hydrologic users in the Huai River basin, China. Additionally, these results could be valuable feedback to satellite rainfall algorithm developers, particularly over the humid and monsoon-dominated area. It is highly expected that the 27 February 2014 launched Global Precipitation Measuring (GPM) mission, an international satellite constellation with dual-frequency radar capacity and better spatiotemporal coverage of passive microwave sensors, would largely improve spaceborne rainfall products, especially for the hydrometeorological applications on smaller-scale basins.
